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Abstract

Central rcgimls on the digital maps of 13 nuclear condensations of Comet
Shoclllakcw--],cvy  9, obtaincxl  with the Planetary Ca]nera  of the Hubble
Space ‘J’elescopc  on January 27, March 30, and July 4, 1994, have been
analyzed wit}l  the aim to identify the prcwncc of distinct, major fragments
in each c.ondcnsation,  tc] CIeconvolve their contributions to the signal that
also inc]ucles the contributioll  frc)ln a sUII’C)U1ldillg  cloud of dust (modeled
as an extended scmrce, using twc) clifl’c.rc]lt  laws), to estimate the dimensions
of the fragmcmts and to study their  tcn]poral  variations, and to dctcrlllinc
the spatial clistributio]ls of the flagrnclits  as projcctccl oxlto the plane of the
sky. The clcconvolution method applied is described and the results of the
analysis arc summarized, includi)lg  the fincling  that sizable fragments did
survive until  the time of at]r]osp}leric  entry, ‘His result dots ]lot contradict
cvidcncc  of the comet’s continuing, apparently spontaneous fragmentation,
which still went on long after the cxtrcme]y  C1OSC approach to Jupiter in July
1992 and which, because of the jovian tidal effects, may even have intcnsifrcd
in the final  days before the crash on Jupiter. On plausible assumptions, the
largest fraglne]lts  arc founcl to have hacl  effective diameters of *4 km as late
as March and even early July 1994, In most condensations, several sizable
companion fragments (N]  km across) have Lccn clctccted within NIOOO km
of the projcctcd  location of tllc brightest fragment and the surrounding
dust C1O U C1 has been found to bc cclitcrcd  on a point that is shifted  in
the genera] direction of the tail, probably due to effects of solar radiation
pressure. Since the developed approach is based on certain premises and
involves approximations, the results should bc viewed as preliminary and
the proMcm should bc a subject of further investigation.
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lt is assumed that t}le observed stlrface-brigl] t~lcss clistribution  within each nuclear con-
clcllsation  is a sum of contrihutic)ns  from OIIe or more point sources (major fragments)
and an extcndccl source (the surrou]ldi]]g  clcmd of minor  fragmcmts ancl other particulate
material). l,et the observed  amount of light impinging on a square-shaped pixel in row
.X a]ld  column Y be B(X, Y), in the used  analog-to-digital units for the cha,rgc-coupled
dev ice  (ADU). The problc:m  is to fincl  tile contributio]]s  fro]n  the point sources  and the
extended source to the obscmecl  pixel sig]lal distrii)ution  by integrating thcm over all
pixels of an imaged field’s limited area, which is cmltcrccl  on the brightest pixel, and to
determine the dimcnsiom  (cffcctiw cliamctcr) of each point source from its integrated
brightl~ess  al]d an assumed albcc]o.

q’lIE ]’OINrl’ SOURCES

‘1’}Ic sp read  fu]]ctiox]  l~I,,f(x, y) of a ])oillt  source  (PSI”), ex~)ressed  ill ADLJ pcr arcscc2,  is
ap])roxinlatccl  by a cluasi-Gaussiall  clistributiou  function:

Ij,.f(x>  y) = 1)*  c!xp

[-(%9”’’”]

)W]ICIC al,,f > 0 is the PSI’” S clispcrsioJl parameter ( in rtrc,scc  , I+sf > 0 is a  climexlsionless
co]]sta.nt  (vl,,f = 1 for  tl)c  Gaussia]l fullctiorl),  a n d  (X2+- y2)]  2 = p is the al]gu]ar  distance
frcm the PSF’S  peak, at w]]ich t]lc  surface brightness h,,,r(O, O) = b~ . ~’he tots] signal,  or
the i]ltcgratcd brightness, IX of a poi]lt  source is

wllcrc IY is in arbitrary intm]sity  units, h+, is ill tile same ullits  ])cr a r c s e c2 , a]ld l’(z) is
tllc C;amma function of argumcl]t  z:

l’(z) = 1%-%-% (z > o ) .

Tl]is  approximation has bee]] a])plicd  to tl]e PSI”’ of the IIubl)]e  Space ‘1’clcscope’s  (11ST)
l’la]]ctary Carncra after  i ts  repair  i]] lkc.mnbcr 1993. In most cases, a 157-pixel array
~,as cllllj]oYcd,  Ccrltclc(l  Orl tllc k)liE,llt~;st  ])ixc] of a ]Iuc]car  condensatioll  a n d  c o v e r i n g

a crudely circular area of 15 pixels, or 0.8 arcsec, in diameter. For a point source whose
I* N 500 ADU (close to the nlaxilnu]n  il]tcgratmd  brightr)ess  that  has been encountered
alnollg the stuclicd  fragxnents),  the introduced approximation yields ~l,sr = 0.0113 arcsec~

– 0.347,  and therefore I* = 0.004158~Y.vp~f  — With the Planetary Carncra’s  pixel size
of 11 = 0.046 arcsec, the central pixel’s s]gna] of w93.5  ADU implies a peak surface
brigl]tness  of w254  ADU/pixc12 or, ecpriva]cnt]y,  M1 20,000 ADU/arcsec2. Th i s  so lu t ion
]cavcs  a rnaxinmm rcsiclua]  of 3 ADU, which is close to the camera’s peak instrumental
error, and a mean rcsiclual  of 3:0.86  AD[J in the pixel  signal. lf {Xx, Y* } are the pixel
numbers of the I’SF’s peak signal for a given point source, tl]e  {z, y} coordinates of the
cc]]tcr  of a]] {X, Y} pixel relative to tile I’SF’s  peak arc:

z == ll(X–XX)

rJ == I](Y– Y*).
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Two cliflerellt  laws l]avc  tmcn considc.rcd  for the surface-brightness distribution &(p) of
tllc cxtcmclcd  source. Convoluted with tlie PSF, the laws are assumed in the form:

Law A : L,X,(p) == ‘0
[ 0 1

v

IJaw B : bex~(p) == ho Cxp – ~ ,
1 -t (p/cr)~  ‘

wl)crc  p is the ax]gu]ar  clistallcc  from the poi]lt of peak surface brightness, LCXL(0) = bo,
of tl]e cxtel)dcd  source, located at a pixel  ~)ositioll  {Xo, }~}. I’hc dispersion o and tl]e.
cx])o]lent  v (analogous,  in tllc case of tl]e  law 11, to crl,,f and vr,,f)) as well as &, Xo,  a]ld  lt
arc collstal)ts  to he dcicrllli)lcd  by a least-sc]uares clificxcntial-  correction  procmclurc.  ‘1’he
il)tcgrated  briglltl]ess  of tl)c  cxtcnlclcd sc)urcc is:

l,aw A : 10 == 2r12&02v-~ cose.c.  (27r/v)  for v > 2, IJaw 13: 10 = 27rbocr21/-l1’  v(  - ] ) ,

10 -+ m for v <2.

As ill tl]c case of a point  source, tl!e {x,  y} c.cjc)rdillatcs  of tl]c  center of all {X, Y} pixel
rc]ativc to tl]c  ~mak of tl]c  c:xtcndcd  sc)urce arc

m =“ II(x--xo)

y = 11(}’--}%).

TIIE  SOI.U’1’1ON

‘J’lic observed ~)ixcl-sigllal  distriLutioll  call ]]OW bc IIlodclcd  as a su]n  of tllc contributions
from the 71 point  sources slid tllc c:xtcmdcd  source, If the pixel  location of an ith point
source is give]] by {(X*  )i, (}’~, )i} a]]cl its surface-brightllcss clistribution  by b$~~f(~, y), the
]noclclccl  clistribution  is calculated by  the followi])g  il]tcgrat,  ion over each pixel’s area:

11(X, Y)
fl n[x-(x.)i+~]

~{J[ 1

n [Y- ()’*) 1+- ~] ~il }/n(x-xo+  ~)
dx Jrl(~-~o+;)

$,sf(%  Y) @ : ~,(x_xo_*)  ‘x hex~(z,  y)dy,>_-
i=’1 11 x-(a’*)i-*] ll[}’-(Y*)i -*] I1(Y--YO-+)

W}ICWC t,}Ie location of tllc peak of tllc cxk}cled  sour-cc is allowed to differ from the location
of any of the c.o]lsidered  poi]]t  sources, A’. ~ (XX)i  a]ld Y. # (Yx)i, (i = 1,. . . ,n).

A solut ion for  B(X’, Y) tl)at i]lcluclcs n point sc)urccs and an cxtcndcd  source  has
(371+-5)  parameters: (lX)l, . . . . (l~)n, (X’~)l,  . . . . (Xx)n, (}~)1, . . . . (Yx)n, Lo, a, v, XO,
al]d }$. Let the observed clistributio]l  B(X, Y) Lc approximated by  a. B(X, Y) array of the
summed Llp contributions from t]le  n p~ixlt sources and the extended ‘source, calculated
with an il; itial set of values of tl]e (372+-5) parameters. An improved set of values of
these parameters, (lJi+-(Al~ )i, (Xx)i-i(AX.Ji,  (Yx)i-I-(AYX  )i (i = 1,.. ., n), bo-I-Abe,
CJ+-AU,  v+- Av, XO+AXO, a]ld }$+AYO,  results from the equations of condition for the
il]dividual  parametric corrections. ‘1’l]ese  equations are applied to all pixels that contain
i]] for]nal,ion  clcemcd  useful for clcconvolvil]g  the contributions from the various sources.
For an {.X, Y} pixel  the equation of condition is:
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Wit]] the partial clerivativcs  calculated llummic.ally,  tl)e  application of a least-scluarcs
Clifrcrcl]tial-  corrcctior] proccclurc  allows olle to iterate t}lc solution until it has convcrgcd.
If noise in the input data impedes the co])vcrgcncc,  a more: cautious approach should Lc
app]icd  by solving for  only so]nc  of t,})c para]nctcrs  at ally o]]e time and to cxpa]ld tile
Ilulnbcr  of parameters to (3n -I 5) gradually ant] o]lly after t})e convergence is reached
wllcl) solving for fcwc!r t}]a]l  tllc full Ilunlbcr  of ])aramct,crs. This approach is particularly
a])pro])riatc  ill tl]e early stages of tllc iteration ])roccdurc,  before  t}le solution has ‘tscttlcd”
arou]ld  the optimum parametric va]ucs, or v~hc]] the convergence has been slow.

q’})c expericmcc  with the ca]culatio]]s  whose rwsults  arc dcscribcd  in the next  sect ion
suggests that the fo]lowing  gculcra] approac]] S1]OUIC1  bc employed in analyzillg  the signs]
distxibutio]l  from the data c}larts  of t}]c obscrvccl  images:

Step 1 bc.gins with tl]c  assunl])t,io]l  tl]at tllc observed sig]lal  is due cl]tirely to the cx-
tc]ldcd source, O]le may l]ave to start  wit]] solving for only some of tl]e scmrcc’s parameters
but cvc]ltually  CIOCS so for all five of tllcln  to find  au initial  solution and tile distributioli
of pixel-brigl]tncss residuals.

Step 2 starts with an i]]spcction  of tl]c  clistriLution  of residuals  from tllc availaLle
solution. For a given  pixel salnplc (most ly 157 pixels  cclltcrcd 0]1 the Lrightcst  OSIC),
tl]e  rcsulti]lg  lnean re s idua l  i s  co]npalccl  wit})  tl]at for tl]c I’SF of a com])arable  p e a k
signal,  usually equal to about, or less t}]all, 3:] AI)[J.  lf t,l]c mean residual is significantly
grcaicr tl]an +1 AI)LJ or if the distlibuticj]l  dis])]ays  c]u]n])s c)f residuals of sligl]t]y  clcvatcd
(positive) values, an improved solution is deemed desirable and tl,c a~,a]ysis c.o,,tinucs.  If
the clistribution  of rcsidua]s  a]]cl t}}c ]ncan  rcsiclual  illclicate  a satisfacto~y  fit to the data
set, the analysis is tcrlnil]atccl,  Almost i]lvariably,  a ccnltinuation  of the analysis in t}lese
cases would result  i]] ]~rogrcssive]y  growing col]vcrgcnlcc  difficulties, whose presence is yet
a]]otl]cr  i]n])ctus  for tllc proczdure’s  tcn-lnillatioll.

Step 3, initiated w}]en tllc fit hy  the solution from Step 2 is deemed unsatisfactory,
illvolvcs  the introduction of a new pc)int source to ilnprove  yhe distribution of pixel-
brig} ltllcss  rcsicluals. q’hc ]ocatio]]  of t}lis source is approximated by the coordinates of
t}le pixel of t}lc maximum positive residual cxhihitcd  by the available distribution. Since
tl]e  total brightness of t}]is source is at this stage unknown, its initial value is mcre]y
a guess; zero is o]le of feasible options that can be employed.

Step 4 is the search for an improved solution. It includes (a) the determination of the
parameters for an expanded set of sources using the iterative least-squares differential-
corrcction  procedure and (b) the calculation of a ncw distribution of pixel-brightness
residuals and a new mean residual. If t}lis mean residual is still unacceptably large,
another  point source is introduced and the procedure starting with Step 2 is repeated.

In addition to the test Lascd  on a xncan residual, other statistically diagnostic criteria
call hc used to scc whether the clctcctcd sources do i]]decd  exist, For cxamp]e,  a result is
customarily considcrccl  meaningful wlicn  it is dctcrxni]icd  with a forma]  precision of >3cr.
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The clcscribcd  approach has bec]i  app]iccl  to digital lnaps  of the brig}ltncss  dis t r ibut ion
on the imagm of scweral  l]uclem condensations of C,onwt  Sl]oelriaker--I,  c\’j’ 9, as otxcrvcd
Wit}i tl]e ]1S’1’ P]anct,ary  C a m e r a . ‘1’ablcs  1-G al]d Figs. 1-3 present the results of these
calculations. TIIC effective clianlctcrs  of the fraglncmts  are clctcr]nincd  from their R magni-
tudes  (derived from the A1)U units a]]d tile exposure time with the use of a transformation
forllmla),  assuming a geometric albcdo of 0.04 a]ld a phase cocfficicrit  of 0.035 rnag/clcg.
On tllcsc assumptiolw,  the formal 1 u error in the calculated diameters is typically +0.1 to
d 0.2 IiIn,  but, real is t ical ly,  diamckrs  <,1 km can  bc at best only ~narginally  dctcctcd.

For each of tllc nuclear condcl;  saticms  F, c;, 11, N, 1’1 , P2 , Q, Q2, R, S, T, U, and
V, ‘~’al)lc 1 com])arcs the laws A and 11 for  the assumed Lrig}ltness  distrit)ution  in tllc
cxtcnclcd  source  ill  tcmns  of t}lc effective diameter of the largest fragment a?ld the nurnl)cr
of clctcctccl  compal]ions,  based on t}le 11ST observations maclc  on January 27, 1994. It is
I]otcd  that I)o poil]t  source is nccclcd to fit Inosi satisfactorily the brightness distribution
of tl]c  col]dc]lsation  V wllcn  tile law A is a])p]icd;  this is indicated by assig]]ing  a value
c)f <<1 km to the cffcctivc clialnetcr of the Iargcst  fragment.  When the law H is used,
tllc clctcction  is ap])arcntly also ICSS t.l}m] margi])al,  oIlly at a 2c7 Icwcl for, tllc illtcgratcd
b]-ig]lt]]css. ‘1’llc co]n])arisolls  of colulnns  2 alld  3 and also of columns 4 alld  5 lead to
the c)bvious c.ollclusion  that  the rwsults  arc for all practical purposes iIldcpcllclcnt  of the
acloptecl law. ]Jowcvcr, LIJC table shows tl]at in the emp]oycd  set of 157 pixels  the ]ncan
rcsiclual  from the law A is oftc]l  better alld  never worse than from tile law ]1, so the law A
has subsequently been acloptcd  ill ~’ablcs 2 a]lcl 3.

‘1’able 2 lists tllc cf[cctivc clia]nctcr  of the largest fragment and the nulnher  of com-
panio]ls clctcc.tccl  i]] tllc lISg’  (?igita] ma])s  of t}le comet’s  images taken on Ja]luary 27,

‘J’AIiLE 1
Com])arison  of Effective ]Jiameters  of l,argest  ~rag~nents  and Numbers of ~ornpanions

l)crivcd  From 11ST  Otmcrvatior]s  h!ade  on J an. 27, 1994 IJsir]g  ‘1’wo l)ifferent  l,aws
for Surfrrce  Brightness Distribution in Extended Source.

—.-.———.—————. .—_ _  — —  _ _ _ _ _ _
Ijargest  ohjcct’s Nurnbcr  of detected hfean  residual

Con~erI- effective diameter (Iinl) cornparllons (ADU)
Satlon –- - —  .._. —.

I.aw A I.aw 11 l,aw’ A l,aw B ‘Law A Law B
-— ——

l’ 2.3 2.3 1 1 +0.96 +0.97
G 4.3 4.4 4 4 +1.26 i 1.28
11 3.3 3.2 3 2 +1.19 41.25
~ 1 .C 1.6 0 0 +0.79 +0.79
l’~ 1.3 1.3 2 2 +0.96 +0.98

2.4 2.4 5 3 +0.88 +0.97
: 4.0 4.0 5 5 41.16 +1!17
$ 3.2 3.2 2 2 4:0.91 +0.94

2.7 2.8 0 0 40.97 + 1.02
Itb 2.7 2.5 0 0 +1.19 +1.23

3.6 3.6 8 6 41.09 41.18
;’ 1.4 1.4 1 1 +0.80 A 0.81
u 1.3 1.3 0 0 30.69 30.69
v <1 <1 0 0 i 0.83 5:0.83

0  Fror, t inmge  o n  Q fr arIIe.
b  
From image  oti -S frarlm,
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Effective Diameters of Largest k’ragIncnts and Numbers of Companions
Fro~n 11ST Observatio]is  (Extended Source Subtracted IJsing Law A).

_-— . ..—. . . . . .—.—
Largest object’s Number of detected

csol)l:;.- cflcctivc  dia~ncter  (ICXU) companions
—-... —

J an. 27 Mar. 30 :U1. 4 Jan.27 hlar. 30 Jul.;
——-

F 2.3 2.1 . . . 1 1 . . .
c; 4.3 3.7 . . . 4 3 . . .
11 3.3 . . . 3 . . . . . .
N 1.6 1:4 . . . 0 0 . . .
}’] 1.3 0.6 . . . 2 0 . . .
1’2 2.4 1.4 . . . ~ 4 . . .

Q] 4.0 2.9 3.9 5 2 ~

Q2 3.2 1.5 2.5 2 3 3
1{ 2.7 2.1 . . . 0 2
s 3.6 2.5 . . . 8 Go ::.
,.J 1.4 . . . . . . 1 , . . . . .
IJ 1.3 1.0 . . . 0 0 . . .
v <<1 . . . . . . 0 . . . . . .

—— -— — . . .——
0  

Itffective  dia~,mtcr  of tlIc largest  cc,x!]par,  ior, is 2 . 3  kn,.

March 30, a]ld  July 4, 1994. ‘J’hc  data in c.olun]IIs  2-4 suggest that there is no systematic
varjation ill t}le dimensions with time. Even t]lough  it appears that the calculated sizes of
mc)st  of the fragments were smaller in h~arch  tl]an in January, the data for the fragments
Q1 allcl Q2 , obscrvcxl  011 all till’cc dates, SIIOW t}lat  Ly July their climcl]sio]ls  recovered to
close  to their January values and that perhaps tl]e  variations could 1-w primarily a rota-
tional  cficct of strongly irregular slla])e. I,ikcnvise,  the numbers of cletcctcd  cornpa]lions,
in columns 5-7,  C1 O not cx}liLit any significa]lt  trclld. It is hig}l]y  proLablc that there is
no rclatio]]ship  among the varicms  companions dctcctcd at clificrent  times a])d that the
rcla.tivc]y  la.rgc numLcrs  of these com])al]io]ls  p]csc]lt  evidence for an appar-cntly  contin-
ui]lg  disintegration of tllc large fragments ill  numerous discrete events. ‘1’he  dots indicate “
t}lc aLsc]lcc  of digital maps for the rcspcctivc  colldc]lsations  ml the given dates.

‘1’able 3 summarizes tile appaxc]]t Al magnitudes of all detected fragmc]]ts  mld  their
calculated cflcctivc diaxncters. ])ots il]dic.ate  the ullavailaLility  of t]lc  rc]cvant c]ata  fo r
t]]is study, while hyphens SI1OW  the aLscllce  of additional  fragments in the availaLle data.
A tc]ldcmcy  is ]loticcd for each collclcmsatio]l to possess one fragment whose size domi-
nates. ~t~C.e]JtiOns arc the condensat ions 1’1 alld  perhaps also P2 on Ja]]uary 27 aTid S
011 h4arc}l 30, for w]lich  tl]c  first two largest fragments are of similar size. I]owcvcr,  only
the fragments of the last two condexlsations are significantly aLovc the detection limit.
It will be of interest to correlate any possiLle multiple impact events of the individual
c.onclensations  with evidence from Tahlc 3.

A set of the solutio!ls  and the cluality  of their fit to the oLscrvcd p ixe l -b r igh tness
distribution as the number of tl]e assumed point sources increases is exemplified in Table 4.
The listed solutions refer to the nucleus colldcnsation  11 observed on January 27, 1994,
arc opti]nizcd  over a set of 157 pixels ccntcrcd on tllc briglitcst  one, al]d the extended
source’s brightness distributioll  is approximated by  the law A.



‘1’AIILE 3
Apparent Nlagnitucles  and Eficctive Dianmters of Fragments Derived Rom

11ST OLscrvations (Extenc]ed  Source Subtracted Using Law A).

Ap]Jarent R magnitude Hective diameter (km)
Conden- Frag-  ———————————————
sation ment Jan.27 hlar. 30 Ju1.4 Jan.27 hlar.30 Ju1.4

F

G

11

N

1’]

1’2

Q]

Q~

R

s

1’

u

1
2
3

1
2
3
4
5

1
2
3
4

1

1
2
3

1
2
3
4
5
6
1
2
3
4
5
6

1
2
3
4

1
2
3

;
3
4
5
6
7
8
9

1
2

1

24.65
26.09

—

23.28
25.23
25.7’3
25.87
26.39

23.89
25.29
26.34
26.64

25.37

25.89
26.30
26.48

24.54
24.88
25.65
25.99
26.25
26.44

23.42
24.80
25.51
25.70
25.72
26.22

23.95
25.32
25.62

-.

24.26
-.
-.

23.69
25.54
25.83
25.98
26.04
26.14
26.15
26.18
26.56

25.72
27.16

25.92

24.23
25.47
25.50

23.08
24.94
25.00
25.48

. . .

. . .

. . .

. . .

25.10

26.96

25.13
25.89
26.28
26.38
26.92

23.57
25.43
26.22

. .

24.97
26.16
26.46
26.50

24.25
25.75
2f3.04

23.92
24.06
25.62
25.72
26.13
26.15
2G.17

—

. . .

. . .

25.80

. . .

. . .

. . .

. . .
. . .
. . .
. . .
. . .

. . .

. . .
. . .
. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

23.27
24.96
25.26
25.52
25.69
26.56

24.25
24.98
25.47
25.81

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

2.3
1.2

4.3
1.8
1.4
1.3
1.0

3.3
1.7
1.1
0.9

1.6

1.3
1.1
1.0

2.4
2.1
).4
1.2
1.1
1.0

4.0
2.1
1.5
1.4
1.4
1.1

3.2
1.7
1.5

2.7

3.6
1.5
1.3
1.2
1,2
1.2
1.1
1,1
1.0

1.4
0.7

1.3

2.1
1.2
1.2

3.7
1.6
1!5
1.2

. . .

. . .

. . .

. . .

1.4

0.(3

—

1.4
1.0
0.8
0.8
0.6

2.9
1.2
0.9
—

1.5
0.9
0.8
0.6

2.1
1.1
0.9

2.5
2.3
1.1
1.1
0.9
0.9
0.9

. . .

. . .

1.0

. . .

. . .

. . .

. . .
. . .
. . .
. . .
. . .

. . .

. . .

. . .
,..

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

3.9
1.8
1.6
1.4
1.3
0.9

2.5
1.8
1.4
1.2

. . .

. . .

. . .

. . .

. . .

. . .

. , .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. , .
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T ABLE 4

Set of Solutions for the Nuclear Condensation H, Observed by the HST’S Planetary Camera on January 27, 1994,
AS a Function of the  Number of Assumed Fragments (Law A).

N u m b e r  .Mean Point source Extended source
of point resid-
sources ua~ Id. b. v

(ICJ:;DL’) (p:!+ (p~els) (10’ADL’/arcsec2)  (U%2C) (p&’Is) (piRIs)~<surned (ADU)

o +1.99  . . .

1 +1.44  a

2 J-1 27 a-.
b

3 *1.23  a

b
c

. .

0.233 + 0.014

0.259 * 0.012
0.068 + 0.010

0.265 + 0.011
0.070 * 0.009
0.019 + 0.006

0.272 + 0.012
0.075 + 0.009
0.021 + 0.006
0.028 + 0.008

. . .

10.12 + 0.05

10.25 + 0.03
,8.78 &o.12

10.30 + 0.03
8.77 * 0.10

11.34+0.25
~.92 + 0.35

9.62 + 0.03 0.240 +0.012 0.119  + 0.009 1.38+0.06 10.35 +0.04 10.67 +0.05

9.60 + 0.02 0 . 2 1 6  +0.010 0.127+ 0 .010 1.30+0.06  10.51 +0.05 10.81 +0.06
10.43 & 0.07

9.60 + 0.02 0.212 +0.009 0.130+ 0.009 1.31 +0.06 10.51  +0.05 10.86 +0.06
10.41 * 0.07

.5.16 &0.40

9.62 + 0.03 0.208 + 0.009 0.128+ 0.009 1.26 + 0.06 10.57+ 0.06 10.9T + 0.07
10.48 * 0.07
5.28 + 0.28
8.68 & 0.21



‘J’hc match  is seen to im])rovc  dramatically after t,hc first point,  source (identified by
the letter a and cclual to the major fraglnent  3.3 km in diarnctcr;  cf. Tables I-3) has been
introduced in the solution, indicating that its cxistcllcc  canrlot  k ignoxecl. If, for example,
the cxtmndcd  source’s c.onvolutc:d  variatio]l  wit}t  radial distance from tile peak-brightness
poi]]t cxta]ded  all the way to the ccntra]  pixel, ihe value of the dispersion o would have to
amou~lt  to o]lly a small fractio]l of the ])ixcl  size, that is, u << 0.04G arcscc, in colitradiction
to t,hc optimum value. Further improvements i]) the fit arc a])parcnt  as contributions from
adclitiona]  point, sources, identified by  the letters b- d, have Lecn  allowed for. As expected,
tllc calculated contribution fro:n the extended source gradually clccrcascs  as tllc number of
int,roduccd  point soLIrccs incrcascs. This dro])  is considerable after the first point  source,
but ta])crs off as more point sources arc illcludccl.  No collvcrgillg  solution could Le fourld
that woulcl invo]vc  more tha]l four ])oint  sources. Tl)c calculatc)d  il]tegratcd  hrightncss
of cacl) point source appears to il)crcasc with tllc ]Iulnbcr of tllc assumed sources, but
tlic rate of ilicrcasc  also ta]mrs off as their riulnlmr  incrwascs. ‘1’I)c calcu]atcd p o s i t i o n s
c)f t)lle point  sources are SCCII to be, withill the e r ro rs , ratllcr c.ollsistcnt  ancl essential ly
inclcpcnclcnt  of t}lc solution. ‘J’hc  letter identification of tile fragments has Leexl  introduced
to emphasize t,hc order in which they nave Lccn included ill the solution, ill contrast to
t}]eir IIunwmica]  idc!l)tificatioll  uscxl ill Table 3 al]d orgallizcd il] the c)rder of dccrcasillg  size.
For  tjllc conclcmsatioll  11, t}le cc)lIcs])c)l]Clcl)cc  Lctwccn tllc two classifications is c)bviously:
l=a,2== b,3=d,  al)c14=c.

‘1’IIc graclua]  improvmncnt  in the c]uality  of tllc fit to the obscrvcxl  signal distribution of
tllc colldcllsatio)l  11 is apparent froln ‘J’ahlc:s  5 a]icl  6, whic]l  list four maps of the bright-
]]CSS  residuals ill tile 157 pixels. ‘J’able  5 prcscllts the maps for t}le solutions with 110 and
O]IC point source assumed, w}li]c Table 6 for two arlcl four poi)lt  sources assumed. The
positiou  of t}]e Lriglltmt  pixc] is always givcll  by X = Y = 10 pixc]s  alld  tllc r e s i d u a l s
arc ill t]lc  Al Ill ul)its  ]]ig]llightcd  in each map is the most conspicuous c]ump of ])ositive
rcsidua]s,  indicating  allotl)cr ])otclltial  poil]t  sc)urcc. It is notccl  that tllc pronlillcxlce  o f
t}]c c]uJnp  diminishes from all area c)f four I)cigllborillg  ])ixcls with a peak rcsic]ua] of
-+ 9 A1)U and a minimum residual of +2 A1)U ill tllc map for the solution ill w}lich  oll]y
the cxtmldcd  soLucc was assumcc],  to alI area of on]y  two Ilcighborirlg  pixc]s  with  a ]mak
rcsiclual  of +3 ADU alld  t])c nlillimuln  rcsiclual  of + 2 A1)U. Also ~lotcd in the map for
t}lc so]ution  with no assumed point  source  is a stro]lg  systematic. trcllc],  frc)m gmlera]]y
IJcgativc  residuals ill tile rcgiol)  X <10 ~)ixclsj  Y <10 pixels to generally positive residuals
in tllc rcgic)n X >10 pixels, Y >10 pixc]s.  g’llis asymmetry appcxu-s  to be Lrought  aLout
by a slight  clisplaccmmnt  of the extcndml  source, relative to the brightest point  source, by
aLout +0.3 pixel  ill tllc X cocwc]illate ancl by  a little Inore  than +1 pixc]  in the Y coordi-
nate.  As shown Mow, this direction is C1OSC to the projected antisumvard  direction and
the cxtclldcd  soLlrce’s displac.cmcnt  is likely to he due to solar radiation pressure eficcts
011 t}}c particulatcs  in the clust cloud, W11OSC model tllc cxtcndcd  source represents,

Figure  I clcpic.ts  t})e best moclcl for the brightness distribution near the center of t}le
condensa t ion  11, oLscrvcd  with tl]c l’la~letary Camera on January 27, 1994. ‘i’he mode l
includes the contributions from four point  sources (tl~e fragments a, b, c, alld  d) and
an cxtcllclcd  source (the surrounding clust cloud), With the model’s parameters listed
in ‘J’able 4, the contributions to the total signal of the brightest pixel are calcu]atcd  to
an~ou~lt  to 51 ~ pcrccllt from tl]c  fragment a, 43+ pcrc.ent  from the dust cloud, 4 percent
from L, allcl  1 percent from d. It is noted that  the peak-hrightncss area of tllc dust cloud
apl)cars  in tllc figure oxlly as a moclcst  Lulge  0]1 the slope of the I’SF of the fragment a.
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T A B L E  5
Distribution of PixeI-Bri@tness  Residuals (in ADU) for the Nuclear Condensation H, Observed by the HST’S Planetary Camera on January 27, 1994,

AS a Function of the Number of Assumed Fragments.

Number  of point sources assumed = O (Mean residual = +1.99 ADU) Number of point sources assumed = I (Mean residual = AI.44  ADU)

Y (pixeIs) Y (pixels)
x

(pJels) 34567s 9 10 11 12 13 14 15 16 17 345678 9 10 11 12 13 14 15 16 17 (pixels)

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

0–1 o

–1 –3 -4 –1 –1 o J-3

–2 –2 -3 –2 –2 –3 –1 o –2

O – 2 – 2 - 2 – 4 – 3  O  O-1+141

–1 O–I–3–2-3–1~1–l  O  0  04-2

0 0. –3 –2 –3 –1 o 42 +1 +2 J-l +1 + 3

+1 –1 + 2  – 2  –1 - 1  +2 A2141 o  + 4  +1 +1 +1 ~1

+1
k

–1 O – 3  – 2  –31+9  +1 - 6  –1 Al + 2  +4 +2 *2

+1 o +1 0 - 4  -4~-2 - 3  - f - 3 + 2  4 - 3 + 4 + 3  ~3

–1 +1 0-2 –1 -1 –2 +1 o +2 +3 +3 +1

+2–1–1–1–1  o  0-1+1+1  0 + 1 + 2

o  o – 1  o  0–1-1+1+2–1+1

– 1  0+1 0–1+2+1  0+2

o -f-2 +1 +1 +3 +1 +2

+2 +1 +1

o-1 0

0 – 2 – 3  - 1 - 1  0 + 2

–1 –1 – 2  – 2  - 2  – 3  -1 –1 – 2

-&I –~ –~ —~ –~ –2  Q P-2 o 0

0+1 0-2 –1 –2 o +1 –1 –1 o –1 +2

(J +1 –1 -1 –1 -!-1 +qq+l +1 o 0 +2

+1 g+3– 1  +1 +1~+2  44 +31 –143 o–l () o

+1 04-1-2  0 – 2 - 1 - 2 – 1 – 3 – 1  0+2+1+1

+1 LI +2 +2 -2 –3 +3 +2 –1 +1 O +1 42 42 -!-2

() J-2 +1 o  0  0-1+1–2  o+l~l o

+2 o – 1  o  0 0 0 – 2 0 0 – 2  0+1
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+2 41 ~
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T A B L E  6

Distribution of Pixel-Brightness Residuals (in ADU) for the Nuclear Condensation H, Observed by the HST’S  PIanetary  Camera on J anuary  27, 1994,
As a Function of the Number  of Assumed Fragments.

Number of point sources assumed = 2 (Mean residual = +1.27 ADL’) Number of point sources assumed = 4 (Mean residual = +1.19 ADL!)

Y (pixek) Y (pixek)
x

(p;eIs) 345678 9 10 11 12 13 14 15 16 17 345678 9 ICI 11 12 13 14 15 16 17 (pi.xek)
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l’inally,  B’igs. 2 and 3 shc)w tJic projcc.tcxl  spatial distribut,iolls  of the companions and
the dust cloud’s peak relative to the brightest fragmc]lt  in each condensation on, respcc-
tivc]y,  January 27 and March 30, 1994. ‘1’hc projcctcd  distances involved in the two
figures arc typically a fcw hulldr-cd  kilcnncters,  up  to WI 000 k]n. g’hc dust clouds in ll-IOSt
c.onclc]lsatiol]s  arc sewn to bc cc))tcrcd  on points  that  arc located generally to t}lc west of
tllc brightest fragmcllts, which  is tllc direction of tl]c  tails  and whic]l  is col]sistent  with
the presence of a slig}lt  cumulative cffcc.t clue to solar radiation pressure from the time of
t,iclal  breakup in July 1992. ‘1’his  prcc]ictcd  direction is 273° on January 27 and 269° on
hfarcl]  30, 1994. Also )Ioticcablc  is a persistent lineup of scwcral  companions in tl]c con-
del]satioll  S to tile south of the brightest fragment. A ]Jlunic  of material was rcpcatcdly
reported to cxfcl]d  ill this dircc,tion  011 visually inspcctcd  high-resolution ixrlagcs.

CONClJIJSIONS

‘1’llc rcsu]ts  c)f this il]vcstigatiolJ  illclicatc:  that prolific fragmmltation  of tllc comet’s nuclcnrs
c.olltinucd  for a collsiclcraLlc  pcric)cl  of time after the initial  tidal  breakup ill July 1992, so
tl]at tllc clinlcllsiolls  of tl)c  individual  fragments were tilnc clc!pc]ldcllt. ‘1’llis  process of frag-
mcntatio)l,  wllilc  essentially collti)luous  taken stocllastically,  appears to have procccclcd--
at least in its early st,agcs, i]]vo]ving  ]argc!, ki lcnnctcr-sized fraglnc!l-lts-  in t}lc form of
discrctc cvcI)ts,  which  can rcaclily  cx~)laill  the rcpcatcclly  o b s e r v e d  i]lsta]lccs of sucldcll,
sllort-term brigl)tlcnil]g  of the various conclc:nsations. ‘1’l]crc  is little cloubt  that, as a rcsu]t
of tllc fragnlcl]tatiol}  cvcmts recurring over aIld over agai)),  lnally of tl]e  objects cvcntuaIly
clisintcgrat,ccl  to the cxtcmt  tl]at tllcy could ]1o longer bc clctect,cd individual ly cvcli on
tllc digital maps of the co]lclcnsatiol)s  and merely c.olltributcd  to the surrourlding  dust
CIOUC1. IIc)wcvcr,  available cwidcllcc  SIIOWS that, in spite of the progressive fragmentation,
ollc clomillallt  fragment  ]~crsist)ccl  in mcJst coriclmlsatiolls. The niost striking exception to
this rule is provided by tllc collclcllsatic)l]  S, in wllic]l two shout cclually  bright. frag]ncnts,
sc]ja]-atecl by s o m e  1 6 0  Ii]n in ]~rojcctic)Tl  onto ttlc ~)lanc  of the sky ancl  cacll of a calcu-

lated cffcctivc c]iamcter of w2.5 km, were clctcctccl by analyzing the cligital  map of  the
C.OIJ(]CI”lS~.t  jOIl’S  ilnage  taken 0)1 hlarch 30, 1994.

Altllough  tl]c climcnsiol]s  of iucliviclu  al fragmcuts  lnust obviously have dirnillshcd  with
time, I]o systc]natic  rate of clccrcase  could be established from the available data. Shortly “
bcfcn-c  their  crasl]  on Jupiter, t}lc largest frag]ncnts  were still found to hiIvc  cflcctivc
cliamotcrs  of *4 km, comparab]c with tl]osc derived by Weaver et al. (] 994) from the
11S’1’  observations in July 1993 and collsistcllt  wit]] the climcnsions  of the parent nucleus
of tl)c  ccm~ct  prc)poscxl  by %kanilla  et al. (1 994). ‘1’lic integrated clccrcasc  in the dimensions
of tllc large fragments appears to bc substalltial]y  less sig~iificant  than variations in the
])rojcctml  cross-sectional area associated with the rotation of these highly irregular objects.
‘1’lic clust clouds associated with the co]]dcllsatiom  show signs of slight effects of solar
racliatiw)  pressure, which  should hc cxpcctcd for assemhlagcs  dolninated  by ccntimcter-
sizccl  particulatcs.

Silicc  the employed approach is Lascd  on certain prcrnises  (such as the prescribed laws
for tl)c~ extended source and the empirical fit to the tabulated PSI’ for the point sources)
and invc)lvcs  c.crtain  approximations (such as neglect of the sky Lackgrourld),  the presented
results s}lou]d  be viewed as preliminary. It is certain that attention will rcnlaill  focussed
on tllc problcm of alialysis  of the 11 S’1’ digital maps as onc of the most hopeful avenues
for clctcrlniniT]g  the dimensions of (~omct  Shoemaker- l,cwy 9, perhaps t}le most unusual
colnct ever observed.
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